Magnetic monopoles are hypothetical particles that may exist as quantized sources and sinks of the magnetic field [1] . In materials, they may appear in an emergent quantum electrodynamics described by a U(1) lattice gauge theory. Particularly, quantum spin ice [2, 3] hosts monopoles as bosonic spinons coupled to emergent gauge fields in a U(1) quantum spin liquid (QSL), namely, a deconfined Coulomb phase [4] . When monopoles are condensed to form a long-range order, monopoles and gauge fields are screened and confined [5, 6] . Here we show, however, that monopole supercurrent flows across a junction of two ferromagnets that are weakly linked through and placed on top of the U(1) QSL, when a gauge-invariant phase difference of spinons across the junction is generated by quenching or an applied electric voltage parallel to the junction. This novel phenomenon paves the way to a new paradigm of spinonics for a dissipationless control of magnetism.
A gauge symmetry and its spontaneous symmetry breaking are key concepts in modern physics, for unifying theories of physical phenomena that occur at different energy scales and in different phases. Electrical superconductivity [7, 8] , a separation of weak and electromagnetic interactions [9] , and a possible color superconductivity [10] are ascribed to spontaneously broken U(1), SU(2)×U(1), and SU(3) gauge symmetries, respectively, in the standard model. In condensed matter, a gauge symmetry may spontaneously appear with a deconfinement of fractionalized quasiparticles coupled to emergent gauge fields, when an intrinsic topological order is realized by many-body effects at low temperatures, as in fractional quantum Hall states [11] [12] [13] . Of our interest is yet another prototype found in quantum spin liquids.
Quantum spin liquids [14, 15] are long-range entangled, topological states of magnetic materials, where quantum fluctuations and a geometrical frustration of magnetic interactions prevent electronic spins from showing any spontaneous symmetry-breaking order at zero temperature. They host elementary excitations of nearly free spinons, namely, matters, carrying fractional spin quanta and of emergent (gapless) compact gauge fields (for continuous gauge groups) [16] . Thus, they are described as deconfined phases of associated compact gauge theories. On the other hand, conventional ordered phases with spontaneously broken symmetries are described as Higgs phases, where a Higgs field expressed by (multiple) spinons acquires a macroscopic phase coherence. In particular, when the Higgs field carries the fundamental gauge charge, gauge charges and fields are perfectly screened and thus confined [16] . These charge-1 Higgs confined phases contain conventional spin waves as elementary excitations but not spinons, and the macroscopic phase of spinons is not observable since it is not gauge-invariant.
However, if two Higgs confined phases are weakly linked through a deconfined Coulomb phase that can host finite gauge fields, a finite gauge-invariant phase difference of spinons can be created through the link. Then, one may expect an analogous Josephson effect: tunneling supercurrent of the gauge charge carried by spinons can be generated across the junction.
Remarkably, quantum spin ice modeled for both magnetic rare-earth pyrochlores [2, 3, [17] [18] [19] [20] and A-site deintercalated spinel iridates Ir 2 O 4 [21] has recently been highlighted as a unique laboratory for hosting a bosonic U(1) quantum spin liquid and Higgs confined phases in a U(1) lattice gauge theory [4] [5] [6] . It can be described by the following Hamiltonian [3] ,
with a spin-ice-rule coupling J and three dimensionless nearest-neighbor exchange coupling constants (δ, q, K), where S rµ = i=x,y,z S i rµ e i µ stands for a pseudospin-1/2 operator at a pyrochlore lattice site r µ of a sublattice index µ = 0, . . . , 3. The C 2 -invariant set of sublatticedependent local coordinates (e (Fig. 1a) and the bond-dependent phase factor φ r,r are given in Table S1 [22] .
An analogous compact quantum electrodynamics can be formulated similarly to refs 4-6 but in a closer analogy to real quantum electrodynamics [23] . First, we introduce a canonical conjugate pair of the analogous magnetic field B and the azimuthal angle γ associated with S z and S ± through S z rµ = σB rµ,σ and S σ rµ = exp[iγ rµ,σ ], respectively (Fig. 1b) . These fields are directed variables defined at the link rµ,σ : R σ → R σ +σb µ from a diamond lattice site R σ = r µ − σb µ /2 located at the center of an upward-oriented (σ = +) or downwardoriented (σ = −) tetrahedron to the nearest-neighbor 
. , where rµ = Rσ + σbµ/2. f, Correlated hopping processes of two magnetic monopoles due to Hq = diamond lattice site R σ + σb µ (Fig. 1a) . Now we write
where ϕ Rσ stands for a phase of a monopolar spinon field
with the quantized analogous magnetic monopole charge (Fig. 1c) ,
B rµ,σ (magnetic Gauss law).
We have also introduced a dual vector potential α that is canonical conjugate to B; α rµ,σ , B r ν ,σ = iσσ δ rµ,r ν . Now We define an analogous electric field as
at each link¯ r µ ,σ from a dual diamond lattice siteR σ = r µ − σb µ /2 to its nearest-neighborR σ + σb µ through the dual pyrochlore lattice site located at the center of the hexagonal plaquette, where curlα is given by the directed sum of α along the hexagonal plaquette around the link (Fig. 1d) . We have introduced a uniform shift E 0 = 0 for δ < 0 and π for δ > 0. Remarkably, sin E gives a linear contribution to a real electric polarization by symmetry (Table I ). An analogous electric monopole charge is given by
and is quantized to integer values. The spin-ice-rule interaction bears a finite excitation energy for creating a pair of oppositely charged magnetic monopoles from a spin-ice vacuum satisfying Q m R = 0, as in the classical case (δ = q = K = 0) [24] . When this gap survives the other interactions, as is the case for small |δ|, |q| and K, the offdiagonal terms with respect to the number of magnetic monopole pairs, N = (1/2) R |Q m R |, can be treated as perturbations. This leads to a frustrated compact U(1) lattice gauge-theory Hamiltonian
gives a magnetic monopole charge potential, and
is a pure lattice gauge-theory Hamiltonian with coupling constants of a ring exchange and magnetic interactions, J E ∼ (3/2)J|δ| 3 and J B ∼ (3/2)JK 2 , respectively. H matter = H δ + H q + H K contains gauge-invariant first-and second-neighbor and correlated hoppings of magnetic monopole(s). (See Figs. 1e and 1f and their captions.) Now monopole current can be defined as j m = ∂H matter /∂α . It exactly satisfies the conservation law of the monopole charge,
AQED variables I mp T Obs. (011), (011), (101), (101), (110) and (110) mirror planes. In the current choice of the local coordinate frames (Supplementary Table S1 ), sp,µ = 1 for p bµ and −1 otherwise, while sT = −1 for Kramers doublets and 1 for non-Kramers. The origin is chosen as an inversion center, located at a pyrochlore lattice site. We have introduced the notations rµ = Rσ + σbµ/2,rµ =Rσ + σbµ/2, r Phases/regimes 3+1D U (1) LGT
iϕ S x,y -ordered [5, 6] Charge-1 Higgs confined Gapped Screened (pseudo-)NG Gapped CFM [5] Deconfined Coulomb photons Gapped Coulomb Z(2) QSL [6] Charge-2 Higgs deconfined Gapped Screened Gapped Gapped Gapped U(1) QSL [4] Deconfined Coulomb photons Gapped Coulomb CSI [24] Confined (deconfined in 3D) Coulomb Static Incoherent Gapped Incoherent reflecting that the total magnetic monopole charge in the system identically vanishes. This j m generates E through
(See Fig. 1g) . Similarly, it is ready to derive U B (curlB)¯ =Ė¯ + j ē (Maxwell-Ampére law), (9) with a Lagrange multiplier U B assuring the constraint B 2 = 1/4 and the analogous conserved electric current j ē = −(curl(∂(H matter +H PLGT )/∂B))¯ that linearly contributes to a real magnetic toroidal moment (Table I) .
The high-temperature symmetry-unbroken phase is given by a thermally confined phase (Table II) where the classical spin ice physics [24] is effective. In this case, thermal fluctuations of E wash out sine terms in the analogous Maxwell equations. On cooling below J E , fluctuations of E and Q e become suppressed. Then, the Maxwell equations can be linearized in E. This leads to deconfined Coulomb phases at zero temperature. There exist two distinct Coulomb phases, namely, a bosonic U(1) quantum spin liquid [4] [5] [6] and a Coulomb ferromagnet [5] (Table II) , where B averages to zero and a finite value, as expected for J B J E and J B J E , respectively. These Coulomb phases can host E fields and analogous gapless photons as well as gapped magnetic and electric monopole excitations [4] , behaving as monopole insulators.
With increasing |δ|, |q| or |K|, magnetic monopole excitations become softened and eventually Bose-Einstein condensed. This spontaneously breaks the global U(1) gauge symmetry with fixed γ of equation (2), leading to charge-1 Higgs confined phases with symmetrybreaking long-range orders of (S x r , S y r ) [5, 6] (Table II) . Then, J E and J B are multiplied by factors of (1 − n) 3 and (1 − n) 2 , respectively, with a superfluid density n of magnetic monopoles. Spinon fields in H matter are replaced with the condensate √ ne iϕ . Magnetic and electric monopole excitations are eliminated from the spectrum, since their phases are absorbed into gaugeinvariant quantities. Thus, the theory can be expanded in the fluctuating part of γ. Accordingly, the gauge photon modes turn into (pseudo-)Nambu-Goldstone modes that remain gapless for K = q = 0 and are gapped otherwise by the Higgs mechanism [7, 25, 26] . In the gapped case, there appears an analogous dual Meissner effect: E is shielded by monopole supercurrent and thus exponentially decays from a surface into the bulk. Such ferromagnet, henceforth dubbed a Higgs ferromagnet, has been reported in Yb 2 Ti 2 O 7 [18] , which shows a nearly collinear ferromagnetic long-range order with a [001] uniform magnetization. Now we consider a junction device of quantum spin ice systems. Two Higgs ferromagnets are weakly linked through and placed on a buffer layer of the U(1) quantum spin liquid (Fig. 2a) . Below we will show that tunneling monopole supercurrent j m is generated by a finite gauge-invariant phase difference of monopolar spinons through the U(1) quantum spin liquid, ∆ϕ = ϕ R − ϕ L + L→R α s ds, where ϕ L/R stands for a representative spinon phase in the left/right Higgs ferromagnet. Monopole current must be accompanied by E which cannot penetrate deeply into the Higgs ferromagnets. Therefore, it flows only at the interface between the junction and buffer layers. In fact, this E must vanish outside the device. Hence it must be shielded by a counterpropagating monopole current at the other interface between the buffer layer and the bottom Higgs ferromagnet layer (Fig. 2a) . We assume that effects of sin E on j m are small, as in type-II superconductors. Then, we take E = 0 and adopt a gauge choice where e iα is real and positive everywhere.
Figures 2b/2c and 2d/2e present the calculated results on spatial profiles of spins and magnetic monopole condensates in the ZIZ/ZIZ junction that has simple head-to-tail/head-to-head collinear configurations of S rµ in the left and right Higgs ferromagnets. In the quantum spin liquid region, the condensate fraction n R decays exponentially and the condensate phase ϕ R varies in such a way that it may break the pattern of the bulk Higgs ferromagnet. Accordingly, xy components of spins wind in this central region, and monopole tunneling current j m appears as an oscillating function of ∆ϕ, as shown in Figs. 2f and 2g in the case of ZIZ and ZIZ junctions, respectively. While the periodicity of j m in ∆ϕ is 2π in the ZIZ junction, it is π in the ZIZ junction. This difference originates from the fact that the spatial profile of the phase of spinon condensates for the ZIZ junction does not allow a bilinear coupling of spinon fields between the left and right Higgs ferromagnets but quartic couplings [22] . We stress that monopole tunneling supercurrent can flow in the head-to-tail and head-to-head collinear configurations of magnetizations, where trans- We have imposed that n R = 1 and Sr = S L/R at the sites beyond the left/right boundary, i.e., Z < −3a/2 and Z > 3a/2 with a being the cubic lattice constant. Changes of the spin configurations during the cycle of ∆ϕ = 0 → 2π are indiscernible in the plot. d, e An evolution of the spatial profile of monopolar spinon condensates with the phase difference ∆ϕ between the left and right Higgs ferromagnets for the ZIZ and ZIZ junctions, respectively. The centers and directions of the compasses represent the condensate fraction n R and the phase ϕ R , respectively. f, g, Magnetic monopole supercurrent j m along the Z axis versus the phase difference ∆ϕ.
